) and consequently a high thermal shock resistance, despite a low thermal conductivity (k 5 2.0 W Á (m Á K)
À1
), which makes mullite a common refractory material. [1] [2] [3] Besides for thermal insulation applications, mullite has proved to be an excellent material for electrical insulation due its low electric conductivity and low dielectric constant (e 5 6.5 at 1 MHz). 2 The combination of low dielectric constant and low thermal expansion is profitable for high-performance electronic products, especially in the field of high-density packaging: the thermal expansion, close to that of silicon, is advantageous for reducing thermal stresses arising between the chips and the ceramic substrate while the low dielectric constant allows signal processing with limited power dissipation. [4] [5] [6] [7] Finally, mullite is well known for its remarkable creep resistance, which, coupled with good mechanical strength, is useful for high-temperature structural applications. 8, 9 A large variety of synthesis methods have been proposed for mullite preparation. Most of them are based on heating an alumina/silica mixture in stoichiometric proportions; the differences are related to the particular sources for the two oxides (including the use of metallic Al). Well-established procedures for mullite preparation include sol-gel processing, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] co-precipitation, 20 hydrothermal, 21, 22 and chemical vapor deposition 23 processes, sintering of silica-coated alumina micro-and nanopowders, 3,24-26 and, above all, reaction sintering of clay and reactive alumina mixtures. 2, 4, 5, [27] [28] [29] The processes that do not include clays have the potential to yield chemically pure mullite, which is of particular interest for electronic packaging, 5, 8 but because of concerns with the cost of the raw materials, some reports on the use of clay precursors for this specific application are also present in the literature. 5 The various processes feature different temperatures for mullite formation. The processing of clays yields, upon heating above 9801C, primary mullite and SiO 2 . This silica is capable of secondary mullite formation when clays are mixed with a suitable amount of alumina; however, the reaction is very slow at temperatures below 15871C (temperature of eutectic liquid formation). 5, 27 Complete mullitization at lower temperatures (of the order of 13001C) is available when silica and alumina are homogeneously distributed at a nanometric scale as in the case of sol-gel processing, starting from silica gel containing alumina or boehmite (AlOOH) nanopowders. 18, 19 The sol-gel processing, in addition, may allow the formation of secondary phases, giving the opportunity of producing mullite-based nanocomposites, as pointed out by Soraru`et al., 17 with the formation of SiC within the mullite crystals. Recent work pointed out the feasibility of the production of mullite compacts from preceramic polymers, consisting of polysiloxanes, as the source for silica, filled with Al 2 O 3 and Al particles. [30] [31] [32] [33] The general advantages of preceramic polymers are the low processing temperatures and, above all, the possibility of using polymerprocessing techniques, allowing to obtain complex shapes. Heating of preceramic polymers generally leads to the formation of cracks and pores in the ceramic products, due to the release of a great amount of gases (mainly hydrocarbons) [34] [35] [36] during the polymer-to-ceramic conversion (at T4B5001C), which also results in a significant volume contraction of up to 60%. 37 However, the addition of secondary, filler materials (which can either react with the preceramic precursor or remain inert during firing) allows the production of ceramic monoliths with a good structural integrity upon heat treatment. 37, 38 The preceramic polymer-alumina (or aluminum) reaction (aided by an oxidative atmosphere that transforms the polysiloxanes into highly reactive SiO 2 ) is thus a promising way to obtain mullite, as illustrated in the experiments of Suttor et al., 30 Michalet et al., 31, 32 and Anggono et al., 33 even if their experiments showed that complete mullitization was obtained only when firing in air well above 15001C.
The aim of the present work was to produce mullite at very low temperatures from a selected mixture of a polysiloxane preceramic polymer and alumina nanopowders, thus combining the advantages of polymer processing and the reactivity of nanoparticles.
II. Experimental Procedure
form. It was dissolved in acetone under magnetic stirring for 15 min, thus producing a solution with 2% solid content (1 g silicone resin for 50 mL acetone). g-Al 2 O 3 nanopowders (''Aluminium oxide C,'' Degussa, Hanau, Germany 15 nm mean particle size, specific surface area of 100 m 2 /g) were added to the solution, in the weight ratio silicone/g-Al 2 O 3 5 1/2.125, again under magnetic stirring; this choice was suggested by considering the ceramic yield of the polymer (about 85 wt%) and the stoichiometry of mullite. The mixture was ultrasonicated for 10 min, producing a stable and homogeneous dispersion of alumina nanoparticles (according to scanning electron microscope (SEM) investigations), in which no sedimentation was observed. The dispersion was poured into a glass container and dried at 601C overnight. After evaporation of the solvent, a solid silicone-alumina nanocomposite mixture was obtained, in which the nanosized filler was homogeneously distributed. The mixture was finely ground (again obtaining particles with a dimension o10 mm) and subsequently cold pressed at 40 MPa in a cylindrical steel die. The pressed samples (diameter B31 mm, height B5 mm) were heat treated in air at various temperatures ranging from 11501 to 15501C, at a heating rate of 101C/min and a holding time of 2.5 h. After firing, dense and crackfree ceramic samples were obtained. Samples in the preceramic form were subjected to combined differential thermal and thermogravimetric analysis (DTA/TGA, STA409, Netzsch Gera¨tebau GmbH, Selb, Germany) and dilatometric analysis (402E, Netzsch Gera¨tebau GmbH), with the same heating rate and the same atmosphere (static air) as for the heat treatments.
Structural and chemical information on the samples after thermal transformation was obtained by using SEM (Philips XL 30 ESEM, Eindhoven, the Netherlands) and transmission electron microscopy (TEM), including high-resolution or atomic plane imaging (HREM), and electron energy-loss spectroscopy (EELS), with particular emphasis on energy-loss nearedge structures (ELNES). The latter method allows to characterize the chemical bonding state in the interlayers by analyzing the fine structures of the relevant ionization edge (edge onset; shape, position, and intensity of individual peaks) that result from excitations of core-shell electrons into unoccupied states above the Fermi level. Measuring the ELNES of the relevant ionization edges is equivalent to a mapping of the partial local density of states above the Fermi level, resulting in subtle information on the respective bonding specifics and the coordination of the next neighbor atoms. The ELNES features can be interpreted by comparison with standard spectra or by quantum chemical calculations. The HREM and EELS investigations were carried out in a combined (scanning) transmission electron microscope (TEM/STEM, CM 20 FEG, Philips) having a point resolution of 0.24 nm and an operating voltage of 200 kV. It was equipped with a post-column electron energy filter (Gatan Imaging Filter GIF 200, model 667, Pleasanton, CA) as well as with a digital scanning module (Gatan Digiscan, Pleasanton, CA).
Samples in powder form were additionally investigated by X-ray diffraction (XRD; Philips PW 3710), using CuKa radiation (0.15418 nm). The XRD patterns were refined, according to Rietveld's method, by using the MAUD (material analysis using diffraction) program package.
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III. Results and Discussion
The differential thermal analysis data, coupled with the weight loss curve, are shown in Fig. 1 .
The most remarkable weight loss (B7 wt%) occurred in the range B1501-6001C, and this could be attributed to different single processes, visible in both the derivative plot of TGA ( Fig. 1(a) ) and the DTA plot ( Fig. 1(b) ). The first, occurring at 2701-2901C and featuring a slight exothermic peak but a relatively large weight loss, was related to the polycondensation crosslinking reaction occurring in the silicone resin, resulting in the release of water, ethanol, and methanol. 40 The second one, occurring mainly at around 5701-5901C and featuring a relatively strong exothermic peak, is attributable to the polymer-toceramic conversion of the preceramic polymer in an oxidative atmosphere (the large energy release being due to the combustion of the organic fraction of the polysiloxane). 40 The weight loss due to the burnout of carbon is partially compensated by the intake of oxygen in the material. As observed also by Ivankovic et al., 18 the small exothermic peak located at about 13201C corresponds to the occurrence of the mullitization reaction.
The dilatometric and corresponding derivative plots are reported in Fig. 2 .
The plots are consistent with those reported by Ivankovic et al., 18 and highlight the different phenomena occurring in the sample. The first peak at 5651C, practically coincident with the largest exothermic peak in the differential thermal analysis data, was due to the polymer-to-ceramic conversion, which resulted in an increase in the density of the material. The large shrinkage centered around 13201C was related to the formation of mullite. The temperature at which this densification occurred is a reasonable index of the reactivity of the alumina/silica mixture. According to Schneider et al.'s definition, 14 mullite precursors may be divided into three categories. Type I precursors are single-phase systems featuring an atomic or near-atomic homogeneity in the Al-Si mixing, so that they are capable of transforming into mullite at about 9801C. Type II precursors are diphasic systems consisting of amorphous silica and pseudoboehmite (transforming firstly into g-Al 2 O 3 , and then into d-Al 2 O 3 ), capable of mullitization above 12501C. Finally, type III precursors are diphasic systems, non-crystalline up to about 9801C, in which mullite formation is favored by the formation of weakly crystalline transient phases (such as Al-Si spinel 41 or g-Al 2 O 3 ), capable of mullitization at temperatures lower than 12501C. Fig. 1 . Thermogravimetric analysis (TGA) (a) and differential thermal analysis (b) patterns for the silicone-nanoAl 2 O 3 mixture; the TGA plot is given along with its first derivative plot.
The observed behavior of the investigated preceramic polymer/g-Al 2 O 3 mixture is consistent with that of type II precursors; in particular, it is comparable to the case of reaction sintering of amorphous SiO 2 -coated g-Al 2 O 3 particle nanocomposites, as reported by Bartsch et al. 3 From the derivative plot, it must be noted, however, that the onset of the large densification occurs at about 12001C (see the large curvature before to the peak), suggesting that the investigated mixture possessed good reactivity, and extensive mullitization could be obtained even at temperatures lower than 13201C. In addition, the proposed processing method has the significant advantage of mixing and coating g-Al 2 O 3 nanoparticles with a commercially available preceramic polymer using a simple dissolution/dispersion method compared with sol-gel processing. Furthermore, the produced precursor powders are stable and can be processed using conventional technologies (e.g., extrusion, spinning, cold, or warm pressing) as they contain a meltable, crosslinkable polymer.
The powder XRD analysis, whose results are shown in Fig. 3(a) , confirmed what was suggested by the DTA/TGA and dilatometric analyses. Mullitization was found to occur already at 12501C, and the chosen dwelling time (2.5 h) allowed extensive formation of mullite at temperatures below that of the main peak present in Fig. 2(b) . The holding time at temperature as well as the heating rate certainly play a significant role in mullite formation, and will be the object of a separate investigation.
The XRD patterns were analyzed and refined by means of Rietveld's method, using the MAUD software package. 39 An example of the refinements, for the sample fired at 12501C, is reported in Fig. 3(b) . A remarkably close fitting of the experimental data was obtained, as shown by the flatness of the error function plot reported below the diffraction pattern.
From the refinement analysis, the volume fraction of mullite and its approximate crystal size were obtained, and the results are shown in Fig. 4 .
At the onset of the mullitization, at 12501C, a volume fraction of mullite of about 96% was already formed, leveling out at about 99.5 vol% above 13501C. The remaining phases were identified to be residues from alumina and an amorphous phase identified as silicate glass. Alumina residues were estimated to correspond to 3.3 vol% at 12501C, and could be attributed to a mixture of g-and d-Al 2 O 3 (in the proportions of 0.7 vol% g and 2.6 vol% d); the remaining 0.8 vol% was attributable to the glass phase. The alumina residues almost disappeared at 13501C and at higher temperatures (from 13501 to 14501C) only about 0.6 vol% of glass phase was found, which decreased to 0.1 vol% at 15501C. It must be noted that there was no evidence of cristobalite formation, which was found in other works dealing with the oxidation of analogous preceramic polymers. 30, 32, 38 This finding points to the fact that, in comparison with what was reported by Suttor et al. 30 and in accordance with what was reported by Ivankovic et al. 18 for sol-gel systems, the nanometric size greatly increases the reactivity of alumina fillers in a silica-rich matrix.
The crystals developed at the lowest temperature, from the reaction between the nanoalumina and the SiO 2 ceramic residue from the preceramic polymer, had an average size of about 50 nm; the introduction of a large amount of nanosized alumina inclusions in the preceramic polymer acted as nucleation centers for numerous mullite crystals, limiting their grain growth. Even if the formation of the mullite phase increased very rapidly with increasing firing temperature, the grain size did not increase, 
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Novel Mullite Synthesisexcept for the treatment at the maximum temperature: 15501C. This finding is consistent with the previously observed low interdiffusion rate (below 2.33 Â 10 À17 cm 2 /s, estimated by using Aksay's equation D 5 3.23 Â 10 3 exp{À703 000 J/RT}) 42 of Si 41 and Al 31 ions within the mullite lattice, which causes poor solidstate sinterability of mullite powder compacts. 5, 26 Additionally, the very fine microstructure produced might have a positive effect on the mechanical properties, which will be the object of a separate investigation.
SEM and TEM investigations confirmed and completed the results of the XRD analysis. The SEM micrographs in Fig. 5 illustrate that crack-free samples, with a very limited residual porosity, were produced. As shown in Figs. 5(b), (d), (f), the fracture surface roughness increased with increasing firing temperature, in agreement with the growth in size and amount of the mullite crystals. The micrographs also showed that the samples were well densified, and contained a limited amount of pores and defects (the residual porosity at 15501C was measured by gas pycnometry to be about 2.6 vol%).
TEM investigations, coupled with high-resolution imaging (HREM), were performed to follow the mullitization process with increasing temperature. Samples treated at 12001C revealed a highly defective grain structure, due to the dispersion of Al 2 O 3 nanoparticles (10-50 nm in diameter, see Fig. 6(a) ). These particles are clearly visible from the high-resolution images, as illustrated by Fig. 6(b) , in which ordered zones, showing crystal lattice planes, are surrounded by an amorphous matrix, resulting from the SiO 2 ceramic residue of the preceramic polymer. The dimensions of these nanocrystals are coincident with the reported crystal size of the starting Al 2 O 3 nanoparticles. In general, the particles also had an irregular shape. It should be noted that there is no evidence of particle agglomeration, as can be seen in Fig. 6(a) , indicating that the proposed procedure for dispersing nanosized alumina in the preceramic polymer allows to reach a remarkable homogeneity. In the case of samples heated at 12501C, larger crystals are visible (see Fig. 6 (c)), with well-developed crystallographic edges; the crystals correspond to mullite as proved by their lattice plane distance of about 0.65 nm measured from HREM images (see Fig. 6(d) ). The mullite crystals still appear to be encapsulated in a silica amorphous matrix (cf. the EDX results below).
Finally, on firing at 15501C, mullite crystals with diameters in the range 200-400 nm were obtained as shown in Fig. 6(e) . Besides mullite, crystallographically shaped intragranular pores and characteristic grain triple junctions were observed, with a limited amount of amorphous material being visible in the triple junctions (see Fig. 6(f) ). The chemical composition of the observed structures was investigated by applying the microscopic scanning mode (STEM) and performing EEL spectra with a resolution of a few nanometers. In the case of the material fired at 12501C, Fig. 7 shows the related EEL spectra obtained by scanning across several nanograins separated by amorphous regions. The fine structure of the Si-and Al-L 23 edges of some selected spectra (lower right in Fig. 7 ) was found to correlate with that of mullite in the area of the crystals (dark gray spectrum) and with that of SiO 2 in between (light gray spectrum). This means that in this material, mullite grains of some tens of nanometers in diameter were embedded in an amorphous silicon dioxide matrix deriving from the pyrolysis of the preceramic polymer. The spectrum in the middle in Fig. 7 , lower right (medium gray), indicates a simple superposition of both these spectra, resulting from the simultaneous penetration of a grain and the matrix within the thin TEM sample. The amorphous material in the triple junctions of the samples fired at 15501C is also mainly comprised of silica glass. According to the EELS spectrum (see Fig. 8 ), the peak ratio of the Si-L 23 edge to the Al-L 23 edge was higher in the triple junction (dark gray spectrum) than in mullite (medium gray spectrum), which hints at a higher silicon content in that region that has been derived from the pyrolyzed polymer.
IV. Conclusions
The use of alumina nanosized particles coupled with a commercially available silicone resin proved very effective for the preparation of high-purity, monolithic, crack-free mullite ceramics. The high chemical reactivity of the inclusions toward the silicarich residue deriving from the preceramic polymer, coupled with their homogeneous distribution, allowed to achieve a high rate of mullitization at low temperatures, comparable to those obtained for more complex diphasic gel formulations. The preparation of silicone/alumina nanocomposites could be particularly profitable for the production of variously shaped ceramic objects using conventional plastic-forming technologies. 
